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IN previous work?, the action of X-radiation on synthesis
of deoxyribonucleic acid (DNA) was shown to result
in & dose-dependent depression of rate, as measured by
incorporation of tritium-labelled thymidine. The dose-
response curve consisted of two components, one showing
a very steep slope, the other a much shallower one. In
those investigations incorporation of the tracer material
was allowed to occur for 5-6 h, so that not only cells in
the process of DNA synthesis (S period) at the time of
irradiation incorporated the tracer, but also those cells
in the pre-DNA synthesis (G;) phase during the irradiation
that entered S during the tracer incubation. In most of
the work reported here, incubations for 1 h with tracers
were used, so that predominantly S cells were labelled,
and the contribution from cells in G, can be ignored.

Among these experiments are ones in which the analogue
of thymidine, bromuracil deoxyribogside (BUdR), was
incorporated into the DNA of the cells before the irradia-
tion. The results of this treatment have suggested an
interpretation of the dose-dependent depression of DNA
synthesis rate by X-radiation and also permitted us to
put forth a hypothesis concerning the sub-chromosomal
organization of DNA.

Two kinds of cell culture were used in these investiga-
tions, HeLa S3 and the Chinese hamster line, DFAF-33,
kindly supplied by Dr. George Yerganian. The HeLa S3
culture was cultured routinely in Eagle’s medium and
transferred woekly ; the DFAF-33 was cultured either in
Eagle’s or in the ‘HU-15" medium of Elkind?, and trans-
ferred twice a week. For experiments, HeLa S3 cells were
transferred, in Eagle’s medium, at about 2-4 x 104 cells/
ml., into any of 3 different kinds of culture vessels:
7T-30 flasks (5-ml./flask), Leighton tubes (1-ml./flask), or
squaro centrifugible flasks (Bellco Glass, Vineland, New
Joersey, 3-ml./flask). DFAF-33 cells for experiments
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were always transferred into Eagle’s medium, using the
same array of culture vessels: incubations of HeLa S3
prior to the irradiations varied from 3 to 5 days; for
DFAF-33 they were 2 or 3 days. In 3-day experiments,
the media were changed on the second day; in 5-day
experiments thoy were changed on the third day.

Irradiations were performed with two different units.
The first, used in the earlier experiments, was a 4-m.amp,
250-kVp. unit, with no external filtering; the dose rate
was 100 r./min. The other was a 20-m.amp, 300-kVp.
unit, also operated without external filtering; the doso
rate, measured inside a tissue culture vessel, was from 200
to 300 r./min, depending on the number of cultures irradi-
ated. All irradiations occurred on a rotating turntable,
under conditions of minimal scatter, at room temperature.

Immediately after irradiation, the cultures, including
the shame-irradiated controls, were returned to the
laboratory, the media on them removed, and Eagle’s
medium containing the tracer added. The tracer used
in most of the work was tritiated thymidine at 1 we./ml.,
but the total thymidine of the medium was changed
according to experimental requirements by the addition
of unlabelled thymidine. Tritium-labelled uridine at
1 ¢./mM and **C-guanine at 3 mec./mM were also used at
various times. All compounds were obtained from New
England Nuclear Corporation. After the 37° incubation
period (generally 1 h with exceptions as indicated later),
the medium was rapidly removed from all cultures, and
the cells processed to determine the spocific activity of
DNA.

Three different methods for DNA extraction were used.
One method, previously described by us!, was essentially
that of Ogur and Rosen?® using perchloric acid to hydrolyse
both RNA and DNA. The second was the Schmidt--
Thannhauser method? using overnight incubation with
1 N sodium hydroxide at 37° to hydrolyse RNA and
perchloric acid at 70° C for 1 h to release DNA. Tho third
was an adaptation of the method of Seolt el al.® which
uses 1 N sodium hydroxide for 1 h at room temperature
to obtain RNA, hydrolysis with perchloric acid at 60° C
for only 7 min to obtain the DNA fraction. Al methods
gave qualitatively the samo results, but the latter method
gave the best reproducibility, that is, the lowest variability
among similarly troated cultures. In all cases the DNA
of each flask was estimated by reading the optical density
of the DNA fraction at 267 mM, using a Beckman DU
spectrophotometer and semi-micro (volume about 1-5 ml.)
cuvettes (Pyrocell Corp.. Now York). The radioactivity
of the fractions was determined by dissolving 0-5 or 1-0 ml.
of the sample in 10 or 15 ml. of counting solution (13 g
2,5-diphenoloxazole, 0-25 g 1,4-bis-2-(5-phenyloxazolyl)-
benzene and 130 g naphthalene in a mixture of 11. toluene,
1 1. dioxane and 600 ml. ethanol), and counting in a
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Fig. 1. Dose-response of Hedae N svithesis to N-radintion, A eoni-
posite of fourteen experiments d thymidine of various
specific activities. Tach point is aver ither two. three or four
individual determinations. Datu plnttmi 1& pereentage of sham-irradiated
controls. hased on tritium connes per yuin per microgram DN

Packard Tri-Carb liquid seintillation speetromcior. When
tritium and carbon-14 were in the same samples, the
officioney of cach isotope for cach channel was determined
uwsing *H- and *C-toluene standards and the separate
contributions of cach isotope to the final counts caleulated
by means of simultancous equations’.

In experiments with bromuracil deoxyriboside (BUdR).
oxperimental eultures were set up as usual; three days
later the medium of one-half of the ealture tubes was
removed and replaced with Eagle’s medium containing
5 pg/ml. BUAR (1-6 x 10-% M}, and the medium of the
other half of the tubes was roplaced with Eagle’s contain-
ing an equimolar amount of thymidine (4 pg/ml).  After
two additional davs’ incubation. these media  were
removed. the cells washed onee with Hanks's balanced
salt solution and this solution was added to the flasks
and gassed with 5 per cent carbon dioxide and 95 per cent
alr mixture. The flasks were then irradiated. returned
immediately to the laboratory. the Hanks's balanced salt
solution removed from them and replaced with Eagle’s
medium containing the radioisotope(s).

The results of 14 experiments using 1 pe./ml. tritiatod
thymidine as the tracer for DNA synthesis in HeLa S3
cells are plotted in Fig. 1. The concentration of thymidine
varied from 1-5 x 109 to 4 x 10-2 M, that is. the specific
activity of the tritiated thymidine in these experiments
varied from 24 me./mM to 6.700 me./mM. There is no
consistont  effect of specific activity. Tho variability
that is ovident from the seatter is much more the result
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¥ig. 2. Dose-response of DFAF-33 DNA synthesis to X-radiation.
illustrating variation in participation of steep component

of dose-response differences between experiments than
from heterogeneity within an experiment. The maximum
and minimum total inhibitions are plotted by extrapolation
to zero dose; it appears that the fraction of the total
inhibition due to the steep component varies between
roughly 25 and 55 per cent. Two experiments with
DEFAT-33, shown in Fig. 2. demonstrate a similar vari-
ability. which is comparable to that reported by Lajtha
et al. for bone marrow in culture®. Results with low
specific activity 19C-guanine at 10 pg/ml., used in double-
labelling experimoents with tritiated thymidine, are
practically identical with those obtained with tritiated
thymidine. and assure that the steep component is not
due to a release of pool materials that compete with
tracer for sites in NDNA.

The D, of the shallow component of the curve varies
as much as two-fold if values of individual experiments are
plotted. However, the range of values from about 1-8
to 4 x 10* r. affeets the estimated size of the hypothetical
target only by approximately two. On the othor hand.
although it is rather difficult to measurc exactly the
average D, of the steep component, it is so small, cer-
tainly less than 500 r., that the resulting target volume
must be very large.

The apparent extent of depression of DNA synthesis by
X-radiation increases as a function of time of incubation
with tracer. This is illustrated in Table 1 and is similar
to the results reported previouslyl. This observation
indieates that cells that are in the G, compartment during
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Table 1. EFFECT OF POST-IRRADIATION INOUBATION TIME ON THE RADIATION-
DEPRESSED INCORPORATION OF H®TdR INTO DNA

Specific activity ¢.p.m./ug DNA
Exp. Dose 1h Depression 3or4 h*  Depression
No.

(r) incubation  (per cent) incubation  (per cent)
0 377 —_ 1,090 —
H 100 342 i} 808 26
200 295 22 602 45
0 332 — 1,062 —
2 500 274 17 834 42
5,000 177 17 348 68

L Inc]ubation time following irradiation in Exp. 1 was 4 h; in Exp, 2 it
was 3 h.

Table 2. EFFECT oF LOW DOSES OF X-RADIATION ON UPTAKE OF TRITIATED
THYMIDINE INTO DNA OF THYMIDINE-GROWK CELLS AND BROMURACTL
DEOXYRIBOSIDE-GROWKN CELLS

Dose Sp. act. of Change Sp. act, of Change
(r.) thymidine-~ {per cent) BUdR- (per cent)
grown cells grown cells
0 (control) 1,112+ 44 _ 678 +27 —_
52 1,008 + 50 -9 685+ 18 +1)
L —-106% c 4320
162 980+60 12} 716 £ 42 +5}

* Pooled means change in thymidine-grown cells differs sigmificantly
from that of BUAR-grown cells; #(15d.0)=3-08; P(Xrag - T8U4R) < 0-01.

irradiation and enter the S period during the next 3-4 h
are affected roughly the same, in terms of rate of DNA
synthesis, as cells in S at the time of irradiation.

A typical result of the effect of BUdR incorporated into
DNA on the dose-response of DNA synthesis is shown in
Fig. 3; the dose-response curve shows an increased incor-
poration of isotope into DNA over control values at low
doses, followed by a dose-response practically identical
to that observed with thymidine-grown celis. In order to
establish further the reality of this difference, an experi-
ment was performed using 5 replicate flasks per treatment,
with controls and only two low doses, 52 and 162 r. The
results (Table 2) show that these small doses slightly but
significantly depressed the incorporation into DNA of

- thymidine-grown cells, but had no effect on the BUdR-

grown celle. It is important to note that the effect of
BUAR in sham-control cultures is to very markedly
decrease the rate of DNA synthesis. The enhanced
incorporation of tritiated thymidine into DNA by low
doses of X.radiation occwred in about one-half the
experiments and, in every instance except one (among 10
experiments), the effect of BUdAR was to decrease the
extent of depression of incorporation by small doses. We
have never observed enhanced incorporation under any
other circumstances. At higher doses the results paralleled
those of normally grown or thymidine-grown cells so
that there is no apparent effect on the second component
of the dose response. It is possible that & subtle effect
exists in this area, but, if so, it is hidden in the variability
of the response.

The two-component dose-response curve is similar to
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those roported by Lajtha and co-workers for bone marrow
in culture®, for bone marrow and ascites tumour cells by
Jasinska and Michalowski?, and for rat thymus by Ord
and Stocken®. A number of theories have been proposed
to explain these result’. In thymus, Ord and Stocken
attribute the steep fall (corresponding to the steep or
S, component of the two-part curve) to inhibition of
nuclear phosphorylation, but this explanation, even if it
were a general one (which it appears not to be), still does
not explain the site of the damage. Although damage to
an enzyme has been suggested®, this seems highly unlikely
in terms of target theory, which would indicate that the
molecular weight of the hypothetical enzyme would be
in the order of 109 clearly much greater than molecular
weights of known enzymes. ’

Our results with BUdR lead us to an alternative explana-
tion. This competitor of thymidine for DNA thymine
sites depresses the rate of synthesis of DNA, and since it is
no longer available for incorporation from the medium
at the time of this inhibition, it is the BUdR in the DNA.
and presumably in those areas acting as templates for
new synthesis, that contributes to this rate depression.
A small dose of X-radiation, in many instances, partially
roverses this inhibition. We propose that the incorporated
BUdR distorts the organization of a large organized
component of the DNA replicating systom that is neces-
sary to maintain the maximal rate of replication of DNA.
The sizo of this is estimated to be in the order of 10°-10'°,
since a small dose (500 r.) of X-rays can affect it. The
offcet of a single hit on the BUdR-substituted DNA is
sometimos to make a now site available for synthesis so
that a stimulation of rate may be observed. On the whole,
however, the effect is to further the disorganization of this
‘super molecule’, and so larger doses result in depression of
rate.

The concept of very-high-molecular-weight DNA is not
new. The work of Davison?, showing the effects of shear
on molecular weight determinations, has stimulated a
groat deal of recent work in this arew. In general, the
concept has evolved that the molecular woight of native
DNA is very much largor than the often-quoted 1-8 x 108
found in the older literature. The researches of Cairns®
and of Kleinschmidt et al.’! have led to the concept that
all the DNA in a bacterium like Escherichia coli (at loast
all the DNA in one nucleus therein) is in the form of a
single large molecule. Interestingly. the molecular weight
of this DNA is about 10°.

According to Lee and Puck!?, the average content of
DNA of the HeLa cell is 17 pg, or a total molecular
woight of DNA per cell of about 1013, This is distributed,
probably unequally, among 78 (on the average) chromo-
somes. Taking one of the smaller chromosomes to contain
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Fig. 3. Xffect of bromuracil deoxyriboside (BUdR) on dose-responsc
of HeLa 83 DNA synthesis to X-radiation. BUdR cultures grown in
presence of 5 ug/mi. BUdAR, controls in presence of 4 pg/ml. thymidine
(TdR), for 48 h prinr to irradiation. All data plotted relative to specific
activity of TdR-grown control
(FH*TdR = tritiated thymidine)

roughlyj 1/100 of the total DNA of tho cell, its total
DNA would be about 10 The target estimate of the
large molecule of DNA involved in regulating rate of
DNA synthesis is 10°-10'?, so the chromosome would con-
tain 10-100 of these components. That chromosomes do
contain several ‘replicating units’ is borno out by auto-
radiographic investigations that have shown DNA
synthesis occurring simultaneously at two or more sites
in & chromosome, while other parts of it show no evidence
of replication3-15.

Even if the intogrity of this large unit is completely
destroyed (as by inactivation with X-rays) DNA synthesis
continues, but at a considerably diminished rate (shallow
component), and only very large doses of radiation, capable
of inactivating that DNA acting as a ‘template’, can
significantly depress the rate further. These results
indicate that DNA of molecular weight of about 107 is
‘activated’ for replication at any one time.

Our interprotation is strengthened by tho results of
Lehnert and Okadal®, who have shown that an effect of
X.-radiation on DNA synthesis ratc in nuclei of regenerat-
ing rat liver can be observed so long as protein is still in
association with DNA, but no effect is found with purified
DNA alone. Walwick and Main!? have also reported no
offect of lonizing radiation, up to 10,000 r., on tho rate of
DNA syvnthesis in a coll-free system using purified DNA
as primer.  These kinds of investigations point out the
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limitations of in witro biochemical methods, wherein

maximum mixing of components and completely un-
organized systems are used, as & means for determining
effects on the highly ordered state of subcellular organiza-

tion. It is probable that when purified ‘primer’ DNA is -

used in ¢n vitro reactions it is at 8 much lower moleculur
weight than in the cell. Moreover, it is removed from
restrictions on its reaction probability by being free of
protein, now greatly implicated in the function of DNA
a8 a template for RNA (particularly ‘messenger’ RNA)
synthesis®-20, It is not surprising that ionizing radiation
cannot reduce the efficiency of DNA as a primer under
these conditions where there is at all times a maximum
likelihood of its interaction with the enzyme and pre-
cursors. Indeed, if the action of ionizing radiation is
primarily to reduce the size of the primer unit, it could
conceivably take enough radiation to reduce the average
molecular weight to somewhere less than 10,000, which
is the molecular weight of yeast lactic dehydrogenase-
associated DNA2:2?, ghown to act as a primer for ¢n
vitro DNA replication?s.
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